Excited state absorption (ESA) is studied using time-dependent density functional theory and compared with experiments performed in dilute solutions. The molecules investigated are a fluorene pentamer, polyfluorene F8, the alternating F8 copolymer with benzothiadiazole F8BT, and two blue-emitting random copolymers F8PFB and F8TFB. Calculated and measured spectra show qualitatively comparable results. The ESA cross-section of co-polymers at its maximum is about three times lower than that of F8. The ESA spectra are found to change little upon structural relaxation of the excited state, or change in the order of sub-units in a co-polymer, for all studied molecules. In all these molecules, the strongest ESA transition is found to arise from the same electronic process, exhibiting a reversal of the charge parity. In addition, F8PFB and F8TFB are found to possess almost identical electronic behaviour.
Introduction
Semiconducting polymers, reported in 1963, 1 have been widely studied since the late eighties, following the successful demonstrations of the functional organic transistor in 1986 2 and the organic light-emitting diode in 1987. 3 Since then, organic semiconductors have been proposed as the next generation materials, which would provide cheaper, more tuneable, flexible and more environmentally-friendly electronics for displays, lighting and solar energy harvesting applications. Exciton-exciton annihilation (EEA) is one of the limiting factors in the operation of highbrightness organic light-emitting diodes and lasers which not only hampers their performance but can also lead to device degradation. The rate of EEA is determined by exciton diffusion and by the spectral overlap of fluorescence with excited state absorption (ESA). ESA can also be used for gain modulation in organic lasers and amplifiers, [4] [5] [6] [7] for ultrafast control of emission wavelength 8 and for optical power limiting. 9 The soft nature of organic materials allows for substantial structural relaxation in the excited state during which the nuclei rearrange to minimise the energy of the molecule. This relaxation generally causes a red-shift of the photoluminescence spectrum 10, 11 but it can also affect the ESA spectra. It is important to develop theoretical tools to identify optical transitions responsible for ESA and to investigate how they change upon structural relaxation. Combined experimental -theoretical approaches show high potential to provide fundamental understanding of excited state dynamics in conjugated molecules. 8, 11 This work aims to characterise and understand ESA phenomena in conjugated polymers, using a unique combination of broadband transient absorption spectroscopy and advanced theoretical tools. The molecules we investigated are polyfluorenes ( Fig. 1(a) ), because they are prototypical conjugated polymers for organic light-emitting devices (OLEDs), 12 and some fluorene copolymers with tri-phenylamine which have been developed to tune both their emission and functionality e.g. electron or hole transport. One class of such emitters are based on fluorene copolymers with tri-phenylamine. They will be denoted as F8PFB and F8TFB in this work, and are shown in Fig. 1(b) and (c) . We also study F8BT, an efficient emitter and standard co-polymer for optical applications, 13 shown in Fig. 1(d) .
Our experiments reveal strong ESA transitions in fluorene copolymers in the spectral region of 0.8-1.3 eV which has not been accessed in previous studies. [14] [15] [16] First principles theoretical calculations of ESA spectra have been reported, [17] [18] [19] [20] [21] but the approaches used so far scale very poorly with system size and are therefore not appropriate to use for realistic conjugated polymers. Developing methods that are capable of reliably a Institute of Photonics and Quantum Sciences, SUPA, School of Engineering and calculating linear and non-linear optical properties of large molecules are extremely challenging. 17, 18 Widely used tools, such as time-dependent density-functional theory, which is used routinely to calculate photo-absorption and photo-emission properties in molecular compounds, 22, 23 require higher order methods than the linear response function to calculate the ESA spectra. 24 As far as we are aware, there is only one report of the use of TD-DFT with the quadratic response function to calculate ESA spectra, in fluorene oligomers. 25 A few more studies have used TD-DFT for the prediction of non-linear optical properties, including the investigation of (simultaneous) two-photon absorption properties and second harmonic generation in conjugated molecules, for instance using high-order response functions [26] [27] [28] [29] [30] [31] [32] or the a posteriori Tamm-Dancoff approximation (ATDA). 33 We use the ATDA approximation for TD-DFT calculations and observe reasonable qualitative agreement between the experimental and theoretical results. We compare the ESA spectra of the molecules with each other and relate the observed ESA spectral features to the relevant electronic transitions. We also find that while molecular relaxation upon photo-excitation causes substantial change between the ground-state absorption and photoluminescence energies, the shapes of the excited-state absorption spectra are in comparison rather insensitive to geometric relaxation. This is the first time such a joint theoretical and experimental work on ESA is reported, resulting in important fundamental understanding of this mechanism universal to organic electronics. The possession of this fundamental knowledge is an important step to develop better and more efficient organic opto-electronic device.
Experiment
The conjugated polymers were supplied by CDT (Cambridge Display Technology, a Sumitomo Chemical Group Company) and the fluorene pentamer (O5) was sourced from American Dye Source Inc. Transient absorption measurements were carried out on dilute solutions in toluene in rotating cuvettes using a chirped pulse regenerative amplifier PHAROS SP from Light Conversion Ltd operating at 5 kHz pulse repetition rate. The probe was a white-light continuum which was generated by focusing 1 mJ laser pulses at 1030 nm onto a YAG crystal and detected with a photodiode array. The excitation pulses were generated by a collinear optical parametric amplifier ORPHEUS from Light Conversion Ltd producing an output at 5 kHz with 200 fs full-width half-maximum pulses. This beam was modulated at 2.5 kHz by a mechanical chopper for transient absorption measurements. The absorbed energy density was about 10 mJ cm À2 . A long-pass filter was used to absorb the transmitted excitation light. Linear polarisations of pump and probe light were oriented at the ''magic'' angle (54.7 degrees) to each other, at this condition kinetics are independent of dynamic depolarisation.
Calculation methods
The theoretical quantum chemical calculations have all been conducted using density functional theory (DFT), with the longrange corrected, CAM-B3LYP functional. 34 It is known that B3LYP gives very good quantitative agreement with experimental linear optical properties in fluorene-based materials; 35, 36 however it has been shown unreliable in predicting third order properties in general. 37 In comparison, the use of CAM-B3LYP over B3LYP offers significant improvement in predicting accurately third order properties. 26, 33 In particular, a previous report emphasised excited-state absorption spectra calculations in fluorene oligomers. 25 For all ESA calculations reported we have used the a posteriori Tamm-Dancoff approximation (ATDA) as developed by Masunov and co-workers. 33, 38 The ATDA approach gives both usual ground to excited-state transition dipole moments and transition moments between excited-states using only the modified linear response Tamm-Dancoff equations, but renormalizes the excitation eigenvectors using the corresponding de-excitation eigenvectors as obtained from solution of full linear response TD-DFT equations. Within the ATDA excitation energies and ground to excited transition moments are equivalent to standard LR-TD-DFT, while excitedexcited transition moments are approximated compared to the double residue of the quadratic response (QR) function. Previous work has calibrated the ATDA as a robust approach for non-linear optical properties of large molecules (in particular two-photon absorption 33 ). For excited state absorption we have calibrated this approach to the full QR approach reported previously, 25 and we note that the essential features of the ESA are well reproduced using the ATDA approach. We use a modified local version of Gaussian09 39 for all calculations reported.
The side-chains on the fluorene units of the molecules studied have been replaced by methyl-groups, as this is an efficient way to speed up the calculations without compromising the accuracy of the results. 36 We have checked this for the PFB dimer, we found a less than 1% change for both the transition moments and energies of the electronic states corresponding to ground-state absorption, emission and ESA, when the octyl and butyl groups were replaced by methyl groups.
The ground-state geometry was calculated by DFT, whereas the S 1 excited-state geometry was calculated using time-dependent DFT (TD-DFT), from the optimised ground-state geometry. We have checked that the geometries obtained (in particular the dihedral angles) are consistent with previous work. 40, 41 The excited states and excited-to-excited-state transition dipole moments have been obtained by a single point TD-DFT calculation.
We ensure that the total excitation energies of the ESA spectra we present are below the ionisation threshold (standard TD-DFT being unable to describe such a bound to continuum transition 33, 42 ). Using CAM-B3LYP/6-31G*, we obtained the vertical ionisation energy by calculating the difference between the total energy of the optimised geometry (either S 0 or S 1 ) and the total energy of the corresponding cation in an unrestricted Kohn-Sham orbital set. 43 The results are given in Table 1 .
For all the molecules of this study, we chose the 6-31G* basis set. Such a basis set has been shown to provide accurate TD-DFT results in similar co-polymers. 44 A larger basis set would have made the calculation intractable for the longer oligomers, for very limited improved accuracy. 45 We have also conducted calculations on small oligomers of all polymers we studied, and found that results changed significantly between using the 6-31G and the 6-31G* basis set, but showed only negligible changes when the 6-31G* basis set was increased to 6-311G**. For instance, in an F8TFB-F8 molecule, we noticed a decrease of 1% (1.5%) in the absorption (emission) energy Table 1 Theoretical ground-state absorption and emission energies (E trans ) and dipole (d trans ), for each of the five molecules studied. The theoretical calculations have been performed with CAM-B3LYP 6-31G*. The calculated vertical ionisation energies (E Vert Ioni ) are also displayed, in addition to the energy necessary to ionise the molecule once the molecule is excited (E Vert Ioni À E trans ). The F8TFB molecule is made of 5 fluorene units alternating with 4 TFB units, the F8PFB molecule of 4 fluorene units alternating with 3 PFB units and the F8BT molecule of 6 fluorene units alternating with 5 BT units (see Fig. S1 going from 6-31G to 6-31G*, but only a decrease of 0.2% (0.5%) going from 6-31G* to 6-311G**. For this molecule, moving from 6-31G to 6-31G* increased the absorption (emission) dipole moment by 5.3% (3.7%) and decreased it by 4.2% (1.6%) when using 6-311G** instead of 6-31G*. We also checked that dispersion correction (GD3BJ) could be neglected (see ESI †). Last, all calculations have been conducted in vacuum to reduce the computational effort. We have verified that the inclusion of solvent does not change the results significantly (see ESI †).
We have built a series of molecules with increasing length, to estimate the oligomer length necessary to reach a length representative of the polymer. We have chosen the fluorene octamer (O8) to represent polyfluorene. 35 For the copolymers, we typically find the conjugation length to be between 3 and 4 units (see Results section). We have checked the convergence of both the ground-state and excited-state properties with oligomer length to make sure that no edge effects occur in the calculations (see Results section, Fig. 8 ) Unless specified otherwise, the oligomers are made alternately of the two co-polymer species, so that two units of the same species are not next to each other (see Fig. S1 of the ESI †). We have checked that even if this is not necessarily the case in the experiments (the co-polymers used are ''random co-polymers''), the electronic transition energies and dipoles do not change significantly from this ''ideal'' case (see Results section). Additionally, the oligomers are in the ''helix'' conformation, or ''a-phase'' 35, 46 (the dihedral angles along the chains always have the same sign, see Fig. S1 of ESI †), as this corresponds to the geometry of overall energy minimum in fluorenes, and is consistent with previously published calculated geometries of (short) oligomers of F8TFB, F8PFB and F8BT. 40, 41 We have checked that other geometrical conformations do not change significantly the absorption, photo-luminescence and excited-state results (see Results).
The change in electron density plots have been obtained by subtracting the total electronic densities of the two relevant states (the first excited-state density minus the ground-state density for ground-state absorption or photoluminescence, or the excited-state density or the excited-states involved in the particular ESA transition) and generated using Gaussview5. 47 To give a more quantitative description of the delocalisation of these change in electron density, we calculated their radii of gyration r g :
, where N is the number of atoms of the molecule, q i is the difference of the ESP 48 charges of atom i between the electronic states involved in the corresponding transition (only positive q i are considered, otherwise r g E 0). x i is the 3D coordinate of atom i, and
, is the location of the centre of charge. Fig. 4 (a) Calculated ESA spectra for the five molecules we studied. The results presented here correspond to ESA from the first-state, in the fullyrelaxed S 1 molecular geometry. We used a homogeneous broadening of 150 meV. (b) Experimental ESA spectra, recorded 1 ps after excitation at 3.1 eV for the five molecules we studied.
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We present the theoretical results as spectra. Each spectrum is the sum of individual Lorentzians, each centered around the electronic transition energy, and with a magnitude of their oscillator strength. The width each of these Lorentzian is the homogeneous broadening g. It is set to g = 33 meV for the ground-state absorption and photoluminescence (a value obtained by a fit between the experimental and theoretical absorption and emission spectra 49 ) for the results of Fig. 9 , and g = 150 meV for the ESA spectra -for the results of Fig. 4(a) and 10.
Results and discussion
Ground state-absorption and photoluminescence
The theoretical results are summarised in Table 1 . For comparison, experimental results are presented in Fig. 2 . The ground-state transition energies calculated by CAM-B3LYP are higher by B0.6 eV than the experimental peaks. Similar results have been obtained before. 36, 50 We however observe good qualitative agreement: the fluorene octamer (O8) has slightly higher transition energies than both F8TFB and F8PFB in the calculations (about 0.1 eV); in the experiments PFO possess spectra at slightly higher energies (around 0.1 eV) than for F8TFB and F8PFB. F8TFB and F8PFB exhibit extremely similar spectra, with the exception that the Stokes shift of F8TFB is slightly smaller than for F8PFB. These features are observed both experimentally and theoretically. The theory predicts F8BT to have ground-state transition energies lower by about 0.6 eV than all the other molecules; this is observed experimentally.
Therefore, if the quantitative agreement between the results obtained with the CAM-B3LYP functional and the experiments is rather limited, we still observe good qualitative agreement. This is important to establish before any further work to attempt at predicted excited-state absorption spectra is undertaken.
To understand the nature of these electronic transitions, we display the changes in electronic densities between the S 0 and S 1 states in Fig. 3 . We observe that the non-relaxed excitation, in the S 0 geometry (Franck-Condon state), is delocalised over significant parts of all molecules. More specifically, in fluorene, the excitation is delocalised over about 5 units in the Franck-Condon state, before molecular relaxation traps the excitation around about three monomer units (this is consistent with previous literature 35 ). Therefore, the pentamer and octamer exhibit very similar behaviour; only the latter molecule is displayed in Fig. 3 . In F8PFB and F8TFB, the excitation in the Franck-Condon state is delocalised over 3 fluorenes and 2 TFB units in F8TFB (Fig. 3(c) ), whereas it is delocalised over 2 fluorene and 2 PFB units in F8PFB (Fig. 3(e) ). The length of the exciton delocalisation is almost the same for these two molecules. Indeed, the ''backbone'' of the TFB unit is made of two benzene rings, while there are three in a PFB unit. A fluorene unit is made of two benzene rings, so that the excitation is delocalised over ten benzene rings in both the F8TFB and F8PFB molecules, very similarly to the polyfluorene molecule ( Fig. 3(a) ). Therefore, it appears that, surprisingly, the nitrogen atoms of the TFB and PFB units do not disturb the electronic conjugation along the polymer backbone. Indeed, except for the geometrical consequence of the presence of this atom in the molecule (the resulting ''zig-zag'' shape), it does not seem to provide much electronic change compared to a straight backbone made of carbon atoms. When these molecules relax, self-trapping is observed, with localisation of the exciton on the central fluorene unit and the benzene units belonging to the nearby PFB ( Fig. 3(f) ) or TFB units ( Fig. 3(d) ). This explains why F8PFB and F8TFB have almost the same emission energies; in the relaxed state, these two molecules seem to have extremely similar exciton delocalisation. In addition, the molecule becomes more planarised around the region where the exciton localises, as shown in Fig. S2 of ESI. † In F8BT, the Franck-Condon state excitation is delocalised over 3 fluorenes and 2 BT units in F8BT (Fig. 3(g) ); upon geometry relaxation, we observe the excitation being localised around the BT units ( Fig. 3(h) ). Therefore, charges become more separated after relaxation in F8BT than in F8PFB and F8TFB. These last two polymers do not exhibit any characteristics that indicate a separation between the hole and electron, probably due to the fact that the exciton localises around a fluorene unit rather than a PFB or TFB unit.
Excited-state absorption
The theoretical results for excited-state absorption of each homo-and co-polymer we studied are presented in Fig. 4(a) . The actual molecules used in these calculations are presented in Fig. S1 of the ESI. † For these ESA calculations, the excited molecules are fully relaxed to the S 1 geometry (we found no significant change for molecules in their Franck-Condon state, see further results and Fig. 7) . The energy range for which we display these spectra is from 0 up to 2.2 eV, as we are confident the molecules are below the ionisation band at such energies (see ionisation energies provided in Table 1 ).
We notice that according to the calculation, the ESA spectra of all molecules are dominated by a strong electronic peak located between 1 eV and 1.5 eV. The co-polymers possess either smaller peaks at low energy (F8TFB and F8PFB) or one smaller peak at higher energy (F8BT, around 1.55 eV). As expected, F8TFB and F8PFB ESA spectra look very similar. Fig. 4(b) shows the corresponding experimental results, which are measured by transient absorption in toluene solution, 1 ps after a pump probe at 3.1 eV. We observe that the theoretical and experimental results are qualitatively similar. Indeed, the experimental results for the fluorenes show one clear electronic peak around 1.6 eV (in agreement with previously published results 51 ), which is well predicted by the calculations, with one single electronic feature in the theoretical ESA spectra, around 1.4 eV (even though it could be made of transitions to two (octamer) or three (pentamer) higher electronic states). This theoretical prediction is in excellent agreement with results published previously for fluorene oligomers, 25 which were obtained without using the ATDA approximation, but directly by quadratic response theory. These results are also in reasonable agreement with real-time TD-DFT (RT-TD-DFT) approaches developed very recently, where better agreement with QR-TD-DFT is seen for the longer of the two fluorene oligomers studied. 52 Both in the calculations and in the experiment, F8TFB and F8PFB have very similar ESA spectral shapes. This is consistent with the ground to excited-state absorption and emission results, which indicate very similar electronic behaviours between the two molecules, as if the nitrogen atoms did not disturb the conjugation along the molecules. The predicted low energy (below 1 eV) transitions, of smaller oscillator strength than the main electronic transition at higher energy (around 1.5 eV), are also observed in the experiments, with the energy difference between these peaks being around 1 eV both experimentally and theoretically. It is however clear that the observed ratio of the strength of the peaks at low and high energies is not well Fig. 6 Zoomed in plot of the molecular portions of F8TFB circled in Fig. 3 and 5: the top plot is the change in electron density between the groundstate, non-excited molecule, and the first excited-state n 1 ; the bottom plot is the change of electronic density between the electronic density of the first excited-state n 1 and the excited-state n 17 , corresponding to the main electronic ESA peak.
reproduced by the theory. The detailed origin of this discrepancy remains to be uncovered. A possible explanation could come from the fact that only electronic states are calculated with DFT-TDA; as there are quite a few weakly allowed-electronic states on the low energy side, the associated vibrational states will be numerous at low energy and could add-up to create a strong low energy ESA peak, as seen in the experiments. Alternatively, we note the discrepancy is much larger for the triphenylamine containing polymers, which may indicate that the nitrogen atoms in the backbone are playing an important role.
The picture is different for F8BT; indeed its main electronic transition is predicted and measured at an energy smaller than for the other molecules (around 1.3 eV, both experimentally and theoretically), and it does not possess any other electronic peaks at lower energies (but does instead at higher energies), contrary to F8TFB and F8PFB. This feature is observable both from the calculations and from the experiments.
To explore further the fundamental mechanisms giving rise to ESA transitions and to differences in the ESA between these molecules, we have plotted the changes in electronic densities between the relevant states involved in the optically active electronic ESA transition. In the rest of this report, we call n x the electronic density corresponding to the x th excitation of the molecule, irrespective of its geometry (the S 0 or S 1 -state). The change in electronic densities between the n 1 and n y (y 4 1) electronic excitation giving rise to strong ESA peaks are Fig. 7 Comparison of the ESA spectra (left panel) calculated for the Franck-Condon state (excited molecule in the ground state geometry), in dashed black lines, and the fully relaxed excited molecule (S 1 geometry), in red solid lines, and the ground-state absorption and emission spectra (right panel), respectively in dashed black lines and red solid lines. displayed in Fig. 5 . For the fluorene octamer, Fig. 5(a) shows the density change corresponding to the main electronic ESA peak, around 1.4 eV. The weaker ESA peak at slightly higher energy corresponds to a very similar change of electronic density. We notice that the electronic density change is not significant, and corresponds roughly to the density change observed for the regular emission transition, except the sign of charges are opposite. In F8TFB ( Fig. 5(b) and (c)), we find that the main electronic ESA transitions (the three around 1.45 eV; in the figure we plotted the strongest one, but the other two looks identical) result in ''switching'' the position of the electron and holes from where they originally rested on the fully relaxed excited molecule, very similarly to the fluorene oligomers. A close-up illustration of this is given in Fig. 6 , where the circled parts of the F8TFB fully relaxed molecule of Fig. 3(d) and 5(c) have been magnified. The way the transition densities have been calculated being consistent (density of the state to where we excite minus the state from where we excite), we notice pretty much the same distribution on the molecule, except the colours have been swapped, denoting a change of sign in the charge. The low energy, weaker ESA transition around 0.9 eV gives rise to a similar phenomenon, but with a slightly more delocalised exciton on the end units of the molecules (Fig. 5(c) ). Very similar mechanisms are observed in F8PFB, confirming that these two molecules, F8TFB and F8PFB, behave in extremely similar ways despite the presence of the nitrogen atoms in different numbers, and almost like the polyfluorene molecules, at least regarding the main electronic ESA peak. We observe that in F8BT, the main transition (to the n 6 state, at 1.25 eV) originates from the excitation charges simply swapping places ( Fig. 5(d) ), similar to the observation for fluorene oligomers, F8TFB and F8PFB. However, the smaller electronic peak (transition from n 1 to n 8 ) at higher energy (1.5 eV) gives rise to a charge transfer from the BT unit where the exciton was initially localised to another BT unit ( Fig. 5(e) ), resulting in a charge-transfer state, with electron and holes separated on two distinct BT units.
Therefore, in all the molecules studied, we can assign that the main electronic ESA peak comes from an inversion of the charge density of the relaxed excitation. The fluorene oligomers do not possess any other electronic transitions, but the co-polymers do. TFB and PFB see some charge being re-organised over a long distance, F8PFB one repeat unit away from where the original excitation was located, whereas in F8BT, the weaker, higher energy electronic peak arises from the transfer of charges from a BT unit to a neighbouring one.
We also observe that the ESA spectra are much less sensitive to the geometrical relaxation of the excited molecule from the S 0 (Franck-Condon) geometry to the fully relaxed S 1 geometry, than are the ground-to excited-state transitions. Indeed, in Fig. 7 we observe a shift in the electronic peaks of the ESA spectra of 0.2 eV at the most (in F8BT) whereas the ground-state absorption and emission shift is at least 0.5 eV (Table 1) . A possible explanation for this is that the geometry relaxation in all these molecules induces self-trapping of the exciton and an associated planarization of the molecule. When a chromophore becomes more planar, its conjugation strengthens and consequently the excitation energies are all decreased. For the ESA (produced from transitions between excited states), this change of excitation energy due to molecular planarization is therefore much less drastic than the ground-to-excited state transition.
We have also studied theoretically the convergence of the electronic transition properties with oligomer length, as displayed in Fig. 8 , where we plotted the energies and dipole moments of the S 0 to S 1 transitions and the main peak of the ESA spectra for both the fully relaxed S 0 and S 1 geometries. We notice that the transition energies converge much quicker for a fully relaxed molecule in the S 1 geometry, due the smaller size of the relaxed exciton, compared to the non-relaxed one. The ESA and groundto-excited-state energies evolve similarly, except that we observe an increase of the ESA energy peak with oligomer length for molecules in their Franck-Condon states. Transition dipoles all follow a very similar trend, except for the ground-state absorption dipole, which converges much slower than the dipole moment of any other transition.
Influence of the sub-unit order along the molecular chain
We have calculated the absorption/emission and ESA spectra for F8TFB molecules which do not follow the strict F8 and TFB ordering. As the co-polymers investigated are random co-polymers such orderings are very likely to exist. The two molecules studied in the calculations are presented in Fig. 9 . The corresponding spectral results are presented in Fig. 10 and 11. We observe that the inclusion of an additional F8 unit between 2 TFB units (so that the chain is F8TFB-F8-F8TFB-F8) does not change the absorption/emission results in a significant way (it is very similar to F8TFB-F8TFB-F8), whereas the ESA spectra is shifted to lower energies, mimicking more closely the ESA spectra of the fluorenes. For the TFB-TFB-F8TFB-F8 molecule, we observe that the absorption spectra is different from the regular Á Á Á-TFB-F8TFB-F8-Á Á Á molecules; however the emission energy is pretty much the same, probably due to very similar exciton localisation, on the central fluorene units and the two benzene rings from the surrounding TFB units. For this reason, the ESA spectra of this TFB-TFB-F8TFB-F8 molecule is very similar to that of the regular molecule with alternating units.
Therefore, over the spectral range of this study, we believe that the ''model molecules'' used in the calculations, with alternating co-polymers units are relevant to describe experimental results, even though the molecules involved in the experiments may not exactly follow this ideal alternating arrangement.
Conclusions
We have calculated and measured the absorption, emission and ESA spectra in fluorene homo-polymers and a variety of fluorene-based co-polymers. We observed that F8PFB and F8TFB behave very similarly, with exciton self-trapping occurring on the fluorene units when the molecules relax to their excitedstate geometries, in a similar fashion as for straight fluorene oligomers. This indicates that the nitrogen atoms barely influence the electronic conjugation along the polymer backbones. In contrast, in F8BT, self-trapping occurs primarily on one BT unit, giving rise to an ESA spectra significantly different from the other molecules. In all cases, the ESA spectra consist of one strong electronic transition which produces a ''switching'' of the charge parity of the original excitation. The ESA spectra of fluorene oligomers do not show any secondary peaks, but F8TFB and F8PFB feature lower energies, weaker peaks, which show additional delocalisation of the charges. In contrast, the F8BT ESA spectra exhibits one higher energy and weaker peak, corresponding to a displacement of charge from one BT unit to another. Overall, reasonable qualitative agreement is found between the experiments and the calculations. Finally, whereas molecular relaxation gives rise to a significant Stokes shift in all these molecules, the ESA spectra is relatively insensitive to such conformational changes.
